Abstract New Zealand uses 13 separate local vertical datums (LVDs) based on geodetic levelling from 12 different tide-gauges. We describe their unification using a regional gravimetric quasigeoid model and GPS-levelling data on each LVD. A novel application of iterative quasigeoid computation is used, where the LVD offsets computed from earlier models are used to apply additional gravity reductions from each LVD to that model. The solution converges after only three iterations yielding LVD offsets ranging from 0.24 to 0.58 m with an average standard deviation of ±0.08 m. The so-computed LVD offsets agree, within expected data errors, with geodetically levelled height differences at common benchmarks between adjacent LVDs. This shows that iterated quasigeoid models have a role in vertical datum unification.
by fixing the heights of two benchmarks from the Dunedin 1958 and Bluff 1955 LVDs instead of using a tide-gauge). Despite some early evidence to the contrary (Humphries 1908) , these LVDs were assumed stable and thus capable of being linked to form a single national vertical datum (Hannah 2001) .
However, the combination of tectonic motion (e.g. Beavan et al. 2004; Wellman 1979; Walcott 1984) , sea surface topography (SST) and sea-level change (Hannah 1990) in NZ means that MSL at each tide-gauge does not lie on the same equipotential surface. Localised height changes are also caused by volcanic activity (Otway et al. 2002) , geothermal energy extraction (Bevin et al. 1984) and earthquakes (e.g. Henderson 1933; Lensen and Otway 1971; Beanland et al. 1990; Begg and McSaveney 2005) . Thus, the prospect of forming a single vertical datum based solely on the readjustment of the levelling networks based on MSL is becoming more remote with time.
Hannah (2001) proposed a least-squares adjustment of all NZ precise levelling observations to give a single LVD for NZ (or more strictly one LVD for each of the islands). The disadvantage is that during the ∼40 year period that levelling observations have been acquired, many benchmarks have undergone significant vertical deformation. As such, an [unknown] proportion of the adjusted heights will not be representative of current ground positions. Also, because not all of the precise levelling lines are connected into "adjustable" loops, there is a risk that the adjustment would be ill-conditioned. Finally, the problem of subsequently unifying these new LVDs among the NZ islands would remain.
The spatial extent of a LVD is also limited to the location of the precise levelling traverses. In mountainous parts of NZ, LVD coverage is restricted to major highways and urban areas. New levelling observations could be acquired to fill some of the gaps and to identify/quantify the effect of vertical deformation, but the high cost makes this impractical on a national scale. There is also no clear demand from users of the existing LVDs for a national adjustment, because it would not provide any practical benefits (on a local scale). Finally, GNSS users require a quasigeoid that is compatible with the LVD, so a quasigeoid model would still need to be computed.
The above limitations make a NZ-wide levelling adjustment unfavourable. Instead, we present an iterative technique for determining a gravimetric quasigeoid model based on the GPS-levelling fit (offsets) among the existing LVDs. It is then necessary to consider these offsets in the reduction of gravity anomalies to a common LVD for subsequent quasigeoid determination through a series of iterations. This novel technique has not been attempted before in practice, although a preliminary mathematical framework is given by Rummel and Teunissen (1988) and Heck and Rummel (1990) .
New Zealand uses the normal-orthometric height system for levelled heights (DoSLI 1989) . The normal-orthometric height (e.g. Heck 2003; Featherstone and Kuhn 2006) is the distance along the normal plumbline from the quasigeoid to the point of interest (Fig. 1) . Its advantage over other types of heights (e.g. orthometric, etc.) is that it does not require gravity observations, which are typically not available along the levelling traverses in NZ. However, the NZ heights are not strictly normal-orthometric because they were derived by the application of a cumulative normal-orthometric correction to the levelled height differences for GRS67 (IAG 1967) using a truncated form of Rapp's (1961) formulas for mean normal gravity along the normal plumbline.
The quasigeoid height (Fig. 1) should be used in conjunction with the normal-orthometric height. The quasigeoid is exactly coincident with the geoid over the oceans and coincides within a few decimetres over most land areas; in NZ, the maximum is ∼0.5 m at Aoraki/Mt Cook (Amos and Featherstone 2003) . In the current study, we have used some approximations to the Molodensky theory for quasigeoid determination, so the computed surface may not be exactly coincident with the classical quasigeoid. This approximate approach is justified, however, because our computed LVD offsets agree with spirit-levelled height differences among the LVDs.
Others' attempts at LVD unification
When a LVD is defined on land, a height or geopotential number is fixed at one or more points. This is normally achieved by making MSL observations over a period of time so that the origin coincides with local MSL. However, phenomena such as long-period tides, SST, sea-level change, land uplift/subsidence and temporal effects on the sea level observations (e.g. Pugh 2004) lead to differences among LVDs. If a direct connection is not possible, e.g. due to a body of water, an alternative method is required. The following summarises approaches proposed by others.
Geopotential numbers
The global geopotential (W 0 ) can be used as a reference "level" to relate vertical datums (e.g. Burša et al. 2007 ). Unification by geopotential numbers uses a global geopotential model (GGM) and GPS-levelling information at each of the LVD origins (tide-gauges) to compute the geopotential for each LVD. This approach has been implemented in several locations (e.g. Grafarend and Ardalan 1997; Burša et al. 2004 Burša et al. , 2007 . The downside of using a single point for each LVD is that the assumptions must be made that the datum offsets are constant across the LVD and they are not distorted (e.g. due to multiple tide-gauges being fixed). Moreover, GGMs can contain errors that are larger than the likely LVD offsets.
Gravimetric geoid or quasigeoid
An alternative is to use a regional gravimetric quasi/geoid model and GPS-levelling observations to provide a reference surface to which the LVDs can be related. This technique has been implemented extensively (e.g. Goldan and Seeber 1994; Featherstone 2000; Kumar and Burke 1998;  
